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AN APPROXIMATE DETERMINATION OF THE EFFECTS OF GEOMETRY
ON BALL-BEARING TORQUE AND FATIGUE LIFE
by John T. Mayer and Thomas C. Litzler

Lewis Research Center

SUMMARY

Existing theoretical analyses were used to calculate ball-spin torque and fatigue life
of thrust-loaded ball bearings over a wide range of load, speed, and bearing geometric
parameters. The aim of this study was to quantitatively determine the effects of bearing
geometry on ball-spin torque and life and to establish design criteria with regard to
geometry for rocket turbopump bearings. The following variables were examined for
their effect on ball-spin torque and life: contact angle, race curvature, ball size and
number, and pitch diameter.

Calculations were performed for several bearing geometries corresponding to 50-,
100-, and 150-millimeter bore sizes. The load and speed ranges examined were 1000 to
10 000 pounds and 10 000 to 25 000 rpm, respectively.

Results indicated that minor changes in standard bearing geometries can greatly
alter torque and fatigue life, and that in some cases a particular change can improve the
bearing in both of these operational aspects. Race curvature and ball size had the most
pronounced effects on torque and life. Although most geometry changes that reduced
torque also reduced fatigue life, a certain degree of optimization can be achieved. Gen-
eral rules were outlined for such an optimization.

INTRODUCTION

In recent years there has been an increase in the use of rolling element bearings
operating in cryogenic fluids. This is especially true in rocket turbopump systems,
where the ball and roller bearings are directly lubricated and cooled by the cryogenic
propellants, which at best provide marginal lubrication. Weight and complexity can be
reduced by eliminating the conventional lubrication system from the turbopump, however,



the high loads and speeds imposed result in high heat generation rates within the bear-
ings. 1In order to remove this heat and maintain an equilibrium temperature condition
within the bearing, it may be necessary to improve the cooling efficiency of the cryogenic
fluid by pressure feeding it through the bearing. The heat balance is sometimes difficult
to maintain, especially when the bearing must survive at such severe operating condi-
tions. The result is loss of internal clearance and ultimate bearing seizure. Excessive
heat generation is one of the most important problems in cryogenic bearing development.
Other problem areas include lubrication mechanisms, materials, retainer design,
rolling-contact fatigue and, in the case of nuclear rockets, radiation damage.

Much has been accomplished toward improving the operation of bearings in fluids
such as liquid hydrogen and oxygen. The main effort has been directed toward allevi-
ating the heat generation problem. Two more common approaches used are (1) reduction
of bearing friction by providing an internal self-lubricating mechanism and (2) control of
the heat generation by improving the cooling efficiency. A certain degree of success has
been realized in the areas of solid lubrication and cage design, but in many cases the
problem is only partially solved.

For the case of high speed, thrust-loaded ball bearings, one important source of
torque or heat generation is the spinning motion of the balls at the race contacts. This
portion of the total bearing torque can be calculated by using existing analyses and is
found to be directly related to the bearing's internal geometry. Thus, it is possible to
further reduce heat generation by an appropriate choice of bearing geometric param-
eters. The investigation of the effects of bearing geometry on ball-spin torque has not
been very extensive, either experimentally or analytically. Experimental studies have
been limited to higher rotative speeds and moderate thrust loads (ref. 1). As for ana-
lytical studies, very little quantitative information has been published (refs. 1 and 2) and
that which is available cannot be expected to pertain to all bearing sizes, loads, and
speeds. In addition, nothing has been done to correlate the effects of bearing geometry
on fatigue life, which can be a limiting factor in torque reduction. Contrastingly,
changes in geometry that are beneficial with regard to ball-spin torque are often detri-
mental to fatigue life. It is desirable, therefore, that both aspects be studied.

The purpose of the work described in this report was to examine the effects of cer-
tain bearing geometric parameters on ball-spin torque and fatigue life by using existing
analyses. The specific aim was to establish design criteria with respect to ball-bearing
geometry for nuclear rocket hydrogen turbopump applications. Although the main in-
terest was in minimizing ball-spin torque, a less extensive study of fatigue life was also
made because of its secondary importance as a limiting factor.

The variables examined for their effect on ball-spin torque and fatigue life were:
initial contact angle, ball size, number of balls, pitch diameter, and race curvatures.

In order to provide data for both present and future hydrogen pump designs, three bore



sizes were examined (50, 100, and 150 mm) over a speed range of 10 000 to 25 000 rpm.
An empirical expression relating pump horsepower to shaft size and speed (unpublished
NASA data), verified that an optimum pump design would be within the bore and speed
ranges cited previously. A thrust-load range of 1000 to 2500 pounds was chosen for ex-
amination. Realizing that these loads are low for the larger bore sizes, additional data
were obtained at 6000 pounds (100-mm bore) and 10 000 pounds (150-mm bore) in order
to determine any discrepancies at higher loads.

DESCRIPTION OF THEORY AND METHOD
Ball-Spin Friction Torque

The method used in computing ball-spin torque is that of Scibbe and Anderson
(ref. 1). It is based on analyses of ball-bearing forces and motion by Jones (ref. 3) and
Poritsky, Hewlett, and Coleman (ref. 4). It is applicable only to ball bearings under
pure thrust load. The method of reference 1 provides a means of calculating the torque
due to ball spin at the race contacts. It is generally held (e.g., ref. 5) that this is one of
the major contributors to the total bearing torque in thrust-carrying ball bearings. In
subsequent parts of this report, the torque referred to is the ball-spin friction torque.
Other sources of friction such as ball rolling and cage rubbing were not considered in
this approximation to the total torque. A further simplification is obtained by assuming
that moments arising from the gyroscopic effects of the balls are negligible with respect
to the spinning moments. This results in ball **control'! at one race; that is, essentially
pure rolling occurs at one race, and a combination of spinning and rolling occurs at the
other. Calculations showed that a coefficient of friction of 0. 1 is sufficient to prevent
ball slip due to gyroscopic effects. The location of ball control is determined by the op-
erating conditions and the bearing geometry; control will be at the race where the spin-
ning moment is larger.

The aforementioned method is limited in its range of applicability and involves sev-
eral approximations. It was judged adequate, however, as a first approximation for the
intended application. Although turbopump ball bearings do not generally operate under
pure thrust load, the ratio of thrust to radial load is usually high. Thus, it is expected
that the effects of radial load on ball-spin torque will be negligible.

In the calculation of torque a value of 0. 56 was used for the friction coefficient. This
value was measured (ref. 1) for unlubricated 440 C stainless steel sliding on itself in
liquid hydrogen. Actually, the precise value is unimportant for this analysis, since ball-
spin torque varies linearly with the friction coefficient and only relative changes in
torque are of interest.



Symbols are defined in appendix A, while the equations
T to be solved for the ball-spin friction torque are given in
d appendix B. These equations have been programed on a
= - T digital computer (ref. 1). The input necessary is as fol-
g\ lows: number and diameter of the balls, pitch diameter,

initial contact angle, race-curvature factors, load, and
speed. These variables are illustrated in figure 1. Output
from the equations includes the bearing shaft torque due to
ball spin and both inner- and outer-race spinning moments.
The range of the input variables was chosen so that the
effect of each variable on ball-spin torque could be deter-
mined, while the others were held constant. Calculations

Bore E

were made with at least three values each of n, d, and E

Shaft
for each bore size. The values chosen approximated the
extra-light or light series geometries. For each (n, d, E)
combination used, torque was obtained over the following
ranges:

Figure 1. - Bearing parameters.

Inner-race speed, Ny, rpm ..o 10 000 to 25 000

Bearing thrustload, T, Ib . . . . . . . . . . . . o 0oL 1000 to 2500

Initial contact angle (unloaded), B*, deg . . . . . . . . ¢ . ¢« v v 0 i oo 15, 20

Race-curvature combination, £ 0/fi .......... At least five values with f ranging

from 0. 52 to 0. 58

In addition, data were obtained for the 100-millimeter bore size at 6000 pounds and

20 000 rpm, and for the 150-millimeter bore size at 10 000 pounds and 15 000 rpm, at
the race curvatures and contact angles in the previous list. The bores and speeds in-
volved imply the ranges in DN (the product of shaft speed in rpm and bore in mm) given

in table I.
TABLE I. - RANGE OF DN
EXAMINED Fatigue Life
Bearing DN range . .
bore, The standard life equation of Lundberg and Palmgren
mm (ref. 6) is given in equation (B12). It gives Lg (the statis-

tical fatigue life that 90 percent of all bearings tested will
exceed) for ball bearings in millions of revolutions. The
100 | 1.0x108 to 2. sx10° . N - . L

6 6 life as given in this equation is a function of bearing dimen-
150 ] 1.8x10" to 3.75x10 sions and load but is independent of speed. The effect of

50 | 0.5%x10% to 1.25x10°




centrifugal ball loading on the bearing life was included in the life calculations by apply-
ing a correction factor derived by Jones (ref. T) to the Lundberg-Palmgren life equation.
This factor gives the ratio of lives with and without centrifugal-load considerations
LCF/ LB and is given in equation (B13). The resulting life LCF is also expressed as
the 90 percent statistical life and is the life referred to in subsequent parts of this re-
port.

In general, the geometry input used to calculate Lop was the same as that for the
friction torque calculations. The load and speed ranges were not as extensive for life,
however. The only variables analyzed over the entire load and speed range were contact
angle and curvature. The effects of n, d, and E on life were determined only for

limited load and speed combinations.
[

Bore size,
mm
20/ - - — % T RESULTS AND DISCUSSION
———— 0
Bearing o
~ series /‘_;_—_9&——-_—_,—;;—:':—-' —— BaII-Spin Friction Torque
160% i | —orc. ] _ The discussion of the results of
,//'_//’/”‘ ball-spin torque calculations is in two
//) —ORC | parts. The first section deals with
ol 4 general variations in torque with load,

speed, and bore size. The second
section examines the specific effects
of each of the five parameters on
torque for all load and speed condi-
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tions, including the larger load values
(6000 and 10 000 1b) for the 100- and
150-millimeter sizes. Although the
curves do not cover all the results ob-

Ball-spin shaft torque, M, in.-ib
T
N
N \

ﬁé // tained, they are representative for
the range of variables examined.
Y 100 ~ e | — ] General results. - The friction
/ﬁ) - torque values of nine standard series
g'zlfcf/_’#_;__—ﬂ, L bearings are plotted as a function of

[NEEAY

oo IRC speed for a constant thrust load

0 (2500 1b) in figure 2 to show general

10 000 15 000 20 000 B0
Inner-race speed, N;, rpm

characteristics. The geometries of
Figure 2. - Torque characteristics of standard series bearings. Initial these standard bearings are listed in

contact angle (unicaded), 15 bearing thrust load, 2500 pounds; table O. Examination of the spinning
race-curvature combination, 0, 58/0. 52,



TABLE II. - GEOMETRIES OF STANDARD

SERIES BEARINGS

Bearing|Bore| Bearing [Number Ball Pitch
series |size,| series of diameter, | diameter,
number | ram name balls, d, E,
n in. in.
I S - .

1010 50 | Extra light 18 0.344 2.559
210 50 | Light 14 . 469 2.755
310 50 | Medium 11 .719 3.150

1020 | 100 | Extra light 22 . 594 4.920
220 | 100 | Light 14 . 969 5.511
320 | 100 |Medium 11 1.375 6.201

1030 | 150 | Extra light 23 . 875 7.382
230 | 150 { Light 16 1.375 8.268
330 | 150 | Medium 12 2.125 9.251

70[**

T

10 000

15 000

=
= ) ‘ ‘
= |/r/l//{
g , ORC .54/.54
<4 |
— I
i — ORC*;//F/ 56/.56
£ 7 [ ORC | e a5
g .52/.58, .54/
Z 1 ) .58/.56 ____
&
.56/, 52
- RC =1
| L= 58/.54.58/.52
%/mé/ IRC
0.

)
‘ Race-curvature

combination,

20 000 25 000

Inner-race speed, N;, rpm

Figure 3. - Effects of curvature on torque. Bore size, 50 millimeters;

number of balls, 16; ball diameter, 0. 438 inch; pitch diameter,

2.755 inches; initial contact angle (unloaded), 20°% bearing thrust

load, 2500 pounds.

moments Ms’ i and M s, 0 showed
that control was at the inner race for
all 50-millimeter series up to 25 000
rpm and for two of the 100-millimeter
series at lower speeds. The 150-
millimeter bearings were at outer-
race control (ORC) for the entire
speed range. The vertical lines for
the two 100-millimeter curves repre-
sent a transition from inner- to outer-
race control. This is the point at
which the outer-race spinning moment
exceeds the inner. By extrapolating
the values of the ball-spinning mo-
ments to higher speeds, it was found
that a transition also took place for
the 50-millimeter bearings, above

25 000 rpm. For any bearing there is
a tendency for the outer-race spinning
moment to increase with speed. Thus,
for a bearing with inner-race control
(IRC) at lower speed, control will
shift to the outer race at some higher
speed. On the other hand, a bearing
with ORC will remain so for all higher
speeds. The transition speed from
IRC to ORC for a particular curvature
combination is a function of load as
well as bearing geometry. A higher
transition speed is obtained when the
load is increased, or when the vari-
ables n, d, E, or B' are decreased
because these changes contribute to
the increasing of the inner-race mo-
ment over that of the outer race. It
explains why control at the inner race
is more difficult to obtain as bore
size increases. Larger bore sizes
have a greater number of balls, and



10 000 ' ' 1 i 3
Bore Bearing Inner- larger ball and pitch diameters. At
size, thrust race

more realistic loads of 6000 pounds,
mm  load, speed,

Ly

R

T, N, however, for the 100-millimeter
Ib
. 2;"020 bore size and 10 000 pounds for the
T ————100 6000 20000 | 150-millimeter bore size, these ex-

———150 10000 15000

— tra light series bearings showed IRC
for £ f.=0. 58/0. 52, at speeds of
Bearing 20 000 and 15 000 rpm, respectively.
o 1000 b S = series | Eff ¢ ptu’ I:: y
& I — | | s iffects of curvature on torque. -
< T T —+ ] The effects of race curvature on
e 0]
g S~ T ] bearing torque are shown in figures 3
E T —— ::::\~~ﬂ _____ ______1130: and 4. Figure 3 shows torque as a
g ~— | \‘ﬂ**~-—~—___%20_ function of speed for various fo/fi
E NN Rt S R combinations for a particular
=2 1020 50-millimeter geometry. The
100 ! % marked dependence of torque on race

1 curvature is seen from the fact that
a threefold change in torque resulis
from a change in fo/fi from
0.52/0.52 to 0. 58/0.52. For
fo/fi = 0.56/0. 52, 0.58/0.52, and
0. 58/0. 54 control was at the inner

‘ l race over the entire speed range.
10+ - : : -

.52 .54 .56 .58 For 0. 58/0. 56 control shifted from
Inner-race curvature factor, fi
) . IRC to ORC at about 19 000 rpm, as
Figure 4. - Effects of curvature on torque for standard bearings at . . .
outer-race control. initial contact angle (unloaded), 20°. indicated by the vertical line.

The rest of the curves are at ORC.
Examination of other data from all bore sizes confirmed the following:

(1) ORC always occurs if f <f,.

(2) IRC occurs only if £, > 1
The value of £ o/fi also influences the transition speed from IRC to ORC. For a given
geometry and load, increasing f{ o OF decreasing fi will extend the upper limit of the
speed range over which IRC occurs. For example, fo/fi = 0.58/0. 52 will result in a
higher transition speed than either 0. 56/0. 52 or 0. 58/0. 54.

It is interesting to note that even though spin occurs at an inner or outer race with
the same curvature (but different types of control), IRC will often produce less torque
than ORC. The curves for 0. 58/0. 52 (IRC) and 0. 52/0. 58 (ORC) in figure 3 illustrate
this. The torque value for the 0. 58/0. 52 combination is lower than that for the
0. 52/0. 58 combination because the spin velocity of the balls for the former is less over



the speed range shown. This lower torque value for the 0. 58/0. 52 combination holds
only up to a certain speed, however. Since torque increases more rapidly with speed
during IRC than with ORC, there is a speed at which the two values are equal. For
50-millimeter bearings, this ''equalization't speed was above 25 000 rpm. For 100-
millimeter bearings, this speed was generally between 15 000 and 20 000 rpm, and near
10 000 rpm for the 150-millimeter size. Increasing the load (to 6000 and 10 000 1b)
raised the equalization speed to above 20 000 rpm and near 15 000 rpm for the 100 and
150-millimeter bore sizes, respectively.

Figure 3 also shows that the curvature of the controlling race has little effect on
torque for either type of control. The effects of the race curvature at the spinning con-
tact on torque are shown in figure 4 for ORC. It can be seen that the decrease in torque
with increased f at the inner race is uniform for all bore sizes and several load and
speed combinations. The decrease in torque for fi values from 0. 52 to 0. 58 is roughly
35 to 40 percent for all data examined.

Effects of initial contact angle on torque. - In general, the effects of a change in the
initial contact angle frdm 15° to 20° were small, and so are not illustrated graphically.
For 50-millimeter bearings lower torque was obtained with a higher contact angle, ex-
cept for inner-race control at higher speeds (15 000 to 25 000 rpm). The changes in-
volved were quite small, being less than 5 percent for all cases except that of IRC at low
load and high speed. For this case the maximum change in torque was about 10 percent.
The effects of contact angle on torque were quite variable for larger bore sizes during
ORC. At most load and speed conditions an increase in the contact angle resulted in both
increasing and decreasing torque, depending upon the geometry of the bearing. The
changes were all small (less than 5 percent) and seemed to follow no simple pattern. For
IRC with 100- and 150-millimeter bearings, increasing the contact angle caused an in-
crease in torque for all conditions, including the higher loads of 6000 and 10 000 pounds.
This increase in torque was highest (about 15 percent) near the transition speed.

Effects of number of balls on torque. - In general, the effect of increasing the num-
ber of balls was to decrease torque during ORC and increase it during IRC. An excep-
tion to this occurred for IRC at low speed for the 50-millimeter size. The effects of n
were more pronounced during IRC, especially for the 100- and 150-millimeter bore
sizes. For ORC, the decrease in torque due to a 30 percent increase in n was less
than 10 percent for all conditions. For IRC, the torque increase was less than 10 per-
cent for the 50-millimeter size, but as high as 20 percent for the larger bore sizes.
This applied to all loads examined.

Effects of ball diameter on torque. - The effects of the ball diameter on torque are
shown in figure 5. 7 Increasing d caused an increase in torque for practically all condi-
tions of load and speed examined. This increase of torque with d was more pronounced
for IRC. For a 25 percent increase in d, the increase in torque was about 10 to 25 per-
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Figure 5. - Effects of ball diameter on torque. Initial contact angle (unloaded), 150,

cent for all bore sizes at ORC and from 15 to 100 percent for IRC. The largest in-
creases occurred near the transition speed. An exception occurred for the 150-
millimeter bearings at higher speeds. Under these conditions an increase in ball diam-
eter caused a decrease in torque, at least near the higher values of d. The decrease
was most pronounced at low load (1500 1b) being about 10 percent for a 40 percent change
in d. Examination of the data showed that this exception could be directly related to a
decrease in the spinning velocity as d was increased.

Effects of pitch diameter on torque. - The effects of a change in pitch diameter are
shown in figure 6. For all loads, speeds, and geometries, increasing E resulted in
increased torque. This is probably due to increased centrifugal ball loading or spin ve-
locity. As with other parameters, the greatest effect occurred for IRC near the transi-
tion speed. A 5 percent change in E for the 50-millimeter size produced small (less
than 5 percent) changes in torque during ORC, but as much as a 10 percent change during
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IRC at the higher loads and speeds. For ORC, a 20 percent change in E resulted ina

5 to 10 percent change in torque for the 100-millimeter size, and a 10 to 20 percent
change for the 150-millimeter size. During IRC, the change was 15 to 20 percent for the
100-millimeter size and 20 to 30 percent for the 150-millimeter size.

Fatigue Life

The bearing fatigue life was examined by using the Lundberg-Palmgren theory as
modified by A.B. Jones to take into consideration the effects of centrifugal forces. The
life of a bearing is influenced by the external or applied conditions such as thrust load
and operating speed, and also by the internal design or geometry. The following design
variables were examined: contact angle, race curvature, number of balls, ball diameter,
and pitch diameter. The applied thrust load and operating speed were varied up to 2500
pounds and 25 000 rpm. In addition, the lives of the 100- and 150-millimeter bearings
were examined at higher loads of 6000 and 10 000 pounds, respectively.

The results of the fatigue life study of the various bearings are shown on figures 7
to 12. These graphs show the fatigue life of typical designs expressed in millions of rev-
olutions as a function of the controlled dimensions and parameters. The specific effects
of each will be considered in the following sections.

Effects of load and speed on fatigue life. - The effects of load and speed on bearing
fatigue life are shown in Egures 7 and 8, respectively. The dimensions of these bearings
are given in table III. Figure 7 shows that although increasing the load reduces life in all
cases, the magnitude of the decrease depends strongly on the speed and bore size.

Where centrifugal loading is high (large bore and/or high speed), the effects of thrust
load are less pronounced. Figure 8 shows that the effects of speed on life are also de-
pendent on bore size. It appears that the increase in life in the 50-millimeter size is

due to a decrease in the inner-race ball load. As speed increases, the centrifugal force
of the balls increases the load at the outer race. The inner-race ball load is correspond-
ingly decreased as a result of the change in contact angles at both races. The reduction
in the inner-race contact load (stress) allows a correspondingly higher number of revo-
lutions before failure.

The 100- and 150-millimeter bearings show a general decreasing life pattern result-
ing from an increase in speed. This implies that the outer race is the determining factor
of bearing life in these sizes because the increasing centrifugal forces acting on the
balls, together with the changing contact angle, increase the outer-race contact stress
and thereby reduce the allowable number of cycles. A speed change causes the greatest
change in life when the thrust load is low. The effects of a speed change on life decrease
as the thrust load is increased.

11
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Ball-bearing fatigue life with centrifugal-force considerations,

Lo millions of revolutions

(a) Bore size, 50 millimeters.

Inner-race speed, N;, rpm
(b) Bore size, 100 millimeters.

Figure 8. - Effect of speed and curvature on bearing life.

(c) Bore size, 150 millimeters.
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Effects of geometry on fatigue life. - Figure 8 also illustrates the effects of race
curvature on life. As much as a fourfold decrease in life occurs if £ 0/f i is changed
from 0.52/0. 52 to 0.54/0.58. The results of the calculations indicate that the life of the
50-millimeter bearing is primarily a function of the inner-race curvature. This is evi-
dent from the fact than an £ o/fi = 0. 58/0. 54 resulted in almost twice the life as with
f 0/fi = 0.54/0. 58. For all speeds examined, life decreased when the curvature was in-
creased at any particular race. These results are shown in figure 8(a).

The effects of race curvature on life for the 100-millimeter size are shown in fig-
ure 8(b) for two different thrust loads. As in the case of the 50-millimeter size, the
inner-race curvature is more critical than the outer one in determining life. As speed

and centrifugal effects increase, however, the inner race becomes less important. This
can be seen in the figure from the convergence of the two curves for 0. 58/0. 54 and
0.54/0. 58 as speed increases at a load of 2500 pounds. At the higher load of 6000
pounds, similar results were obtained. Figure 8(b) shows that a curvature combination
of 0.58/0. 52 resulted in approximately twice the life of 0. 52/0. 58 for the extra light
series bearings at this load.

The 150-millimeter bearing life is affected more by the outer-race curvature than
the inner one when the load is 2500 pounds. Figure 8(c) shows that a curvature combi-
nation of 0.54/0. 58 results in a higher life than 0. 58/0. 54 over most of the speed range.

' ) At the higher load of 10 000 pounds,

Eﬁ"’rﬁ;‘tg 'pa“cir - however, for the extra light geometries,
L load, speed, | a curvature combination of 0.58/0. 52
ITt; rﬁ}n resulted in a higher life than one of
2.4 T o 2w 1o 7 0.52/0.58 over most of the speed range.
2 12%%% égggg Figure 9 compares the life of bear-
X — o 1 ings in the range from 50- to 150-
B, i w\ea”"g series name | millimeter bore with contact angles of
= \ Extra light 15° and 20°. The geometries used are
® s | given in table II (p. 6). The ratio of the
= \ life at 20° to the life at 15° has been
z L6 —{ plotted as a function of bore size for
® L Extra lfght standard series bearings at two load and
HL4a —Bdralight .~ gpeed conditions. All data show that the
\ _ life of a bearing with a 20° contact angle
L2 m:g:z: | is greater than that of the same bearing
Lo Medium | with a 15° contact angle. The ratio of
X Bore i?fe’ o 150 the life values varies from 1.0 to 2. 3

Figure 9. - Effect of contact angle on fatigue life for standard with the lar ger value occurring for the
bearings. Race-curvature combination, 0.52/0. 52, 50-millimeter size
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[ i

o | e | The other parameters investigated,
S curvature namely the number of balls, ball diameter,
= 20} combination, 1 . . .
S L flf . and pitch diameter, were varied separately
5 ) for one thrust load at a representative
c
£ | 0520052 speed of each bearing size. A change in
E . . R
L 16 any of these variables results in slightly
[&]
- different effects on the life of each different
= .
2 14 size bearing. These results seem to fit
- general trends but no definite quantitative
c 12 - Bore Bearing Inner-  Ball Pitch - i
S size, thrust race diameter, diameter, | conclusions can be made. The results of
B " mm '°$d’ Sp,ffd’ i‘:]’ = the life calculations for these variations in
N , " . ,
S b rpm ) geometry are shown in figures 10 to 12,
= 50 2500 25000 0.5 2,821 . :
2 S8 —— 10 6000 2000 504 490 - Figure 10 shows the effect on bearing
s (- 15% 1000 1500 .75 7.382 life for a variation in the number of balls
; . .
g 6 j P in the rolling complement. All three bore
:g} ) P s T by 14| sizes show a greatly increased life when
E” sl b T | the number of balls is increased. In gen-
g ’ eral, the increase was over 100 percent
£ 2 i . .
= 5258 | L |.52.58] for a 25 percent increase in n and was
S 02[.58 | [T p

0 - r l . | roughly the same for each bore size.

1 14
2 16 18 2 2 % 2% Data for a 2500-pound load at these same

Number of balls, n
Figure 10. - Effect of the number of balls on fatigue life. Initial speeds for the 100- and 150-millimeter

contact angle (unloaded), 20°. size show similar results, although the
percentage increases were not as great as
with the larger loads.

Figure 11 shows the effects of a variation in ball diameter on the life of the bear-
ings. All three sizes show an increase in life for an increase in the ball diameter. It
can be seen that ball diameter has a more marked effect on life than ball number. For a
25 percent increase in d, the increase in life was about 400 percent for each bore size.
A 700 percent increase is shown for the 150-millimeter bore size. As in the case of
ball number, the effects of ball diameter were less pronounced at lower loads.

The effects of a change in the pitch diameter are shown in figure 12. It can be seen
that the effects of E are more pronounced for larger bore sizes. For the 50-millimeter
bore, almost no change was evident for the range of E examined.

The fatigue-life of a bearing is dependent upon the individual lives of its three major
components: the inner race, the outer race, and the balls. Generally, the expected life
of the ball exceeds the life of either race and hence is not critical. In most applications
and designs, the number of stress cycles is greatest on the rotating inner race, and,
therefore, this component is first to fail.
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Ball-bearing fatigue fife with centrifugal-force considerations,
Lep millions of revolutions

16 [ 3 1 ' | t ! /]
R Race~ Bore Bearing Inner- Number  Pitch
§ curvature size, thrust race of balls, diameter,
= I~ combination, — mm load,  speed, n E, —
] folf; T, N;, in.
'z b rpm
8 12 ]
- 50 2500 25000 14 2.821
Se 0.5210.52 ————100 6000 20000 22 492
T2 —-—150 10000 15000 22 7.382
© 3 —
=
=
82 8 / ]
£s / ’
iz / /
'i i s T
%—‘" //. 521,52 /
= @ s L .
s s /
i’ _'52,_5/// - L~ 52152 L
a / //'// ”///
—-T7.52/.58 -,
— .52/.58
0 F” i
.4 .5 6 7 .8 .9

BaH diameter, d, |n

Figure 11. - Effect of ball diameter on fatigue life. Initial contact angle (unloaded), 20°.

] I I ] ! ! *‘ T I ] t 1 1 1 1 A I |
R | Bore Bearing Inner- Number  Ball
ace- 1= - size, thrust race of balls, diameter,~
cur\'/atu.re mm load, speed, n d,
__ combination, .___] I L T N in -
’ Il o
folfy Ib rpm
12 | . Lt }
— 50 2500 25000 12 0.5
0. 52/0. 52 _ i L ——— 100 6000 20000 18 .594 |
—-— 150 10 000 15000 22 . 875
10 - | o
\
_ | ~ < 52,
<5252
8 - - T~
6 .
|
4 s |
52,58 | | __| .52.58
2
22l 38 L
0

2.75 2.85 295 46 47 48 49 50 51 70172 7.4 7.6 7.8 80 82 84
Pitch diameter, E, in.

Figure 12. - Effect of pitch diameter on fatigue life. Initial contact angle {unloaded), 20°.



The stresses at the ball-race contact, for both inner and outer races, are a function
of the thrust load transmitted through each ball at some operating contact angle and the
centrifugal force acting on each ball (see egs. (B5)). The inner-race ball load is directly
affected only by the thrust load, but the outer-race ball load is affected by both thrust
load and centrifugal force. Therefore, as the speed increases, the contact load on the
outer-race increases and the inner-race load is reduced. These basic observations help
explain some of the differences in the life results for the various sizes of bearings.

GEOMETRY OPTIMIZATION

From the overall results obtained, certain general rules for bearing geometry de-
sign will give an optimum bearing in that torque is minimized and life maximized. These
rules are the following:

(1) The contact angle should be as large as the practical design of the bearing dic-
tates, since a change in the contact angle has a more pronounced effect on life than on
torque. The life will be increased significantly while the torque will be only slightly af-
fected. '

(2) The pitch diameter should be made as small as possible, since this simultane-
ously reduces torque and increases life.

(3) IRC should be utilized for bearings with bore sizes near or less than 50 milli-
meters. IRC is advantageous for two reasons. It generally results in less torque than
ORC with reversed curvatures, and it enables the use of an arbitrarily small value of
f;, which is the more critical race curvature in determining fatigue life at typical oper-
ating speeds.

(4) ORC should be used for larger bore sizes (i.e., about 100 mm or greater). The
outer-race curvature can be made small to increase fatigue life without changing torque
significantly.

(5) The choice of d and n will depend largely upon the particular bore being ex-
amined; however, one generalization concerning n can be made. If ORC is to be used,
n should be made as large as possible, since its effect on torque is small while its ef-
fect on life is quite significant.

SUMMARY OF RESULTS

Comparable percentage changes in the five parameters (number of balls n, ball di-
ameter d, pitch diameter E, initial contact angle (unloaded) 8*, and race-curvature
combination £ 0/ fi) produced widely varying results on both the life and the ball-spin
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torque.

while others changed torque or life by a factor of two or more.
tions and bore size had a large influence on the effects of many of the parametric

changes.

three or life by a factor of four in some cases.

geous for 50-millimeter bearings.

Some of the parametric changes, although large, had insignificant results,
Load and speed condi-

The following is a general summary of the results obtained:
1. Race curvature seemed to be the most important single variable. A change in

curvature factor over the range examined (0. 52 to 0. 58) changed torque by a factor of

Inner-race control (IRC) was advanta-

2. The examined change in contact angle (15O to 200) produced negligible changes in

torque (less than 5 percent) except during inner-race control near the transition speed.
The effect on life was significant, especially for the 50-millimeter bore size.

ing the angle from 15° to 20° doubled the life in this case.

3. For the change in ball number examined (25 to 35 percent), the effects on life
were much greater than the effects on torque. The torque changes were in the range of

5 to 20 percent. On the other hand, life increased by over 100 percent at typical loads

and speeds.

Increas-

4. For a 25 to 40 percent increase in ball diameter, torque increased by as much as

100 percent for the 150-millimeter bearings.

conditions.

Life increased markedly with d for all
At typical loads and speeds, the increase was from 400 to 700 percent.

5. A decrease in the pitch diameter caused a decrease in torque and an increase in

life for all conditions examined. The effects were more pronounced for large bore size.

The following table lists the criteria for low torque and for high life for the three
bore sizes at typical loads and speeds (2500 1b and 25 000 rpm for the 50-mm size,
6000 1b and 20 000 rpm for the 100-mm size, 10 000 1b and 15 000 rpm for the 150-mm

size):

Criteria
for-

Low ball-
spin

torque

High
fatigue
life

Number
of
balls,
n

Small
(for IRC)

Large

Ball
diameter,
d

Small

Large

Pitch
diameter,
E

Small

Small

Initial

contact

angle
(unloaded),

B

Race
curvature
combination,

fo/fi

Small
(for IRC)

Large

Large f at
spinning
contact

Both f's
small
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In spite of the opposing nature of torque and life with respect to geometry changes, a
significant degree of optimization can be achieved.

Lewis Research Center,

National Aeronautics and Space Administration,
Cleveland, Ohio, February 8, 1965.
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APPENDIX A

SYMBOLS
contact ellipse semimajor Ms
axis, in.
total curvature factor Ni
f ot fi -1 n
contact ellipse semiminor P
axis, in. PE
centrifugal-force correction
factor for fatigue life Q
ball diameter, in.
pitch diameter, in. T
complete elliptic integral of Rl BT
the second kind, eq. (B7) v,A,0
centrifugal force on a ball, 1b B
t
race-curvature factor ex- B
pressed as ratio of race
radius of curvature to ball B4
diameter
various constants (ref. 8) H
w
elliptic integral modulus,
1/2
- o7
w.
ball-bearing fatigue life with- 1
out centrifugal-force con- ©
siderations, millions of r
revolutions
ball-bearing fatigue life with wg
centrifugal-force consider-
ations, millions of revolu-
tions Subscripts:
shaft torque due to ball spin, i
o]

in. -1b

individual ball-spin moment,
in. -1b

inner-race speed, rpm
number of balls

normal ball load, 1b

equivalent load (in fatigue life
calculation), 1b

total ball-spin heat genera-
tion, Btu/min

bearing thrust load, 1b

angles defined in fig. 13

operating contact angle, deg
initial contact angle (un-
loaded), deg

static contact angle (loaded),
deg

coefficient of sliding friction

total angular velocity of ball
about its rolling axis,
rad/sec

angular velocity of inner
race, rad/sec

rolling component of ball
angular velocity relative to
race, rad/sec

spinning component of ball
angular velocity relative to
race, rad/sec

inner race
outer race
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APPENDIX B

EQUATIONS FOR COMPUTING BALL-SPIN TORQUE AND FATIGUE LIFE
Ball-Spin Friction Torque

Compute Bl from reference 8

3/2
cos B8
T . sin 8 1_ (B1)
nd?K cos f'
The centrifugal force per ball is (ref. 7)
7 8y d cos B\
F, =5.257x10 i1 - (B2)
E
while the operating contact angles are computed from the following (ref. 7):
T BcosB‘-(f -05)cosB -(f-OS)cosB 3/2
= - (B3)
nd? K, cot B (s1n B )]‘/3 + K; cot B; i(sin B; )1/3
and
nFc
—— =cot B, - cot §; (B4)
T
The normal ball loads are given by (ref. 9)
P, = T B
n sin
and } (B5)
T cos(Bi - [30)
P0=Fc cosBO+ -
n sin Bi
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Bearing axis
{a) For inner-race control.

] Bearing axis
(b) For outer-race control.

Figure 13. - Bearing geometric relations used to calculate ball-spin
velocities (ref. 9).

The ball-spin torque is

M=

The spinning velocities ws,i and ws,’o
fig. 13):

[

The contact ellipse dimensions are
(ref. 3)

a = 0. 0045944 Ka(Pd)l/ 3

(B6)
- 1/3
b = 0. 0045944 K, (Pd)

(The remaining equations are from
ref. 9.) The individual spinning moment
is given by

M_ =3 LPaE(k) (B7)
S

The controlling race is that which
corresponds to the larger moment. The
total heat generation is then

Q=nw_ .M for ORC

s,is,i
(B8)

Q= nws, 0M for IRC

S, 0

(B9)

are computed from the following equations (see
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For IRC,

sin Bi
tan aq=

E-cosﬁ}i
d
1 1
—(r+ag)==(r-90)
2 ¥

E. sin(B; + ay)
tan%('y - ag) = tan%('y+oe2) d
a...,. sin(Bi+oz1)

1
a2=§(y+a2)—%(7—a2)

w, sin B.
w= ! i

cos a 1(ta.n oq +tan ay)

Wg o= w sm(ﬁi+ oq- BO)

T

For ORC,
SinB0
tana2=
E
2 +cosfB
d o
A=§+Bi—ﬁo+a2
sinaq4 = §inrAw e
1 . 1/2
E E
1+ _a |- 2cosA__‘_d—
sin(B, - ag) sin(B ) - ag)
w:[(—= - cos B.)
1/2
E 7 E
. d d
(sma1+cosa1tana2) 14— = | -2cosA(——
Sin(ﬂO - ay) sin(ﬁO - ag)
<.us’i=<.usin(Bi—Bo+ozz)+cuisinﬁi J
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Ball-Bearing Fatigue Life

The life without centrifugal force consideration is given by (ref. 6)

1.23
0.9 4. 17/ 2f, :
2. 44x10'° n%a> *(cos g)* 1(—01 = B') (l'd_cos Bt) < ! >
E

E 2f. - 1
L= .. . . N o , — 1
B 0.9
d cos B' 5.733
3 d cos Bt 1- ? f;(2f, - 1) 1. 367
PE<1+°—) 1+1.14) B ) (i ™
1
E 1,4c0s8 fo(Zfi- 1)
E
(B12)
where

p. -0.4Tcotg
E————-—h
l-lsinﬁ'

The correction factor for including the effects of centrifugal ball loading is given by
(ref. 7)

0.9
dcos p\* 17 2d cos By a cos g% 733
sin g, \3f 1~ —— 2+ f(zf 1)13671_, -
sin B d cos 8 - dcosﬁ dcos B; f (2f - 1) . d cos B
+ +
c. . CF_ E E E / E
F Ly 4.633 111109
osB dcos,B dcosﬁ
. g, 1/3Fi(2f0 _yyyi-3e7f1- 2 -
+
sin Bo l_fo(zfi -1) . d cos Bo 5. d cos B, d cos B/
E

(B13)
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